sciypj^ 


REVIEW 


https://doi.org/10.32386/scivpro.000004 


The  Path  to  Perovskite  on  Silicon  PV 


Henry  J.  Snaith1*,  Samuele  Lilliu2 


Henry  J.  Snaith  is  Professor  of  Physics  in  the  Clarendon  Laboratory  at  the  University  of  Oxford  and  Fellow  of  the  Royal  Society. 
He  has  pioneered  the  field  of  perovskite  solar  cells  and  published  more  than  300  papers.  He  is  the  founder  and  Chief  Scientist 
Officer  of  Oxford  Photovoltaics,  which  holds  the  largest  perovskite  patent  portfolio  worldwide  and  focuses  on  developing  and 
commercialising  perovskite  PV  technology.  In  this  interview,  he  discusses  the  present  status  and  future  prospects  of  perovskite 
PV.  The  interview  is  available  at  https://youtu.be/sbe9Z5oEs5o. 


Notable  Achievements 

Samuele  Lilliu  (SL):  How  did  you  become  one  of  the  most  influen¬ 
tial  scientists  in  perovskite  solar  cell  research  and  what  have  been 
the  most  notable  achievements  to  date? 

Henry  Snaith  (HS):  Perovskite  solar  cells  are  simply  solar  cells 
containing  metal  halide  perovskites  (Figure  l).1,2 

I  first  became  aware  of  metal  halide  perovskites  in  2009,  when 
visiting  some  colleagues  and  collaborators  in  Japan.1  The  first  paper 
using  metal  halide  perovskites  in  solar  cells  had  just  been  published 
by  the  group  of  Prof.  Tsutomu  (Tom)  Miyasaka  (Toin  University  of 
Yokohama,  Japan).3  Tom  gave  a  presentation  on  this  work  and  it 
was  very  impressive.  The  most  remarkable  aspect  was  that  he  just 
took  two  salts,  led  bromide  (PbBr2)  and  methylammonium  bromide 
(CH3NH3Br),  put  them  together  in  a  solvent,  and  spin  coated  a  film, 
which  crystallized  immediately  during  spin  coating.3  At  the  same 
time,  back  in  Oxford,  I  would  been  playing  around  with  quantum 
dots  led  sulphide  (PbS)  nanoparticles.4  They  were  extremely  tedious 
to  synthetize  and  it  took  a  long  time,  weeks  of  work,  to  make  devic¬ 
es.  Whereas  this  perovskite  material  appeared  to  just  form  instantly 
That  was  something  that  I  found  quite  interesting. 

I  subsequently  returned  to  the  UK  and  managed  to  get  a  collabo¬ 
rative  grant  with  one  of  my  colleagues  Takurou  Murakami  and  I  sent 
a  PhD  student  back  to  Japan  to  learn  how  to  make  these  perovskite 
materials.  Back  in  Oxford  we  managed  to  integrate  them  into  what 
we  were  working  on  at  the  time:  dye  sensitized  solar  cells  (DSSCs).5'9 
The  device  that  Tom  Miyasaka  had  developed3  was  based  on  a  po¬ 
rous  TiO,  anode,  where  the  anode  is  sensitized,  typically  with  a  dye. 
He  used  small  perovskite  nano-crystals  and  then  infiltrated  the  de¬ 
vice  with  an  electrolyte.3  The  big  problem  with  this  device  was  that 
the  electrolyte  dissolves  the  perovskite  crystals,  so  the  device  lasted 
seconds.  I  think  this  is  probably  one  of  the  reasons  why  that  work 
was  not  instantly  followed.  It  looked  like  it  was  quite  interesting,  but 
just  led  to  unstable  cells. 

Whereas,  in  contrast,  when  we  replaced  the  electrolyte  with  a 
solid-state  organic  hole-conductor  into  the  perovskite  device,  we 
obtained  films  that  would  be  stable  for  a  thousand  hours  under  sun¬ 
light,  which  was  a  massive  step  change. 

The  big  shock,  if  you  like,  or  the  first  shock,  was  just  our  first 
batch  of  devices  were  already  6%  power  conversion  efficiency.  At 
the  time,  DSSCs  had  hit  a  plateau  of  about  5%  and  for  3-5  years 
we  could  not  get  them  any  better.  These  perovskite  devices  were  al¬ 
ready  more  efficient  on  the  first  attempt  and  of  course  they  rapidly 
stepped  up.  The  first  real  surprise  was  that  they  worked  instantly. 
Usually  when  trying  a  new  material  if  you  can  get  1  %  efficiency  you 
are  pretty  happy. 

Following  on  from  that,  with  the  way  we  were  processing  and 


Figure  1  |  Prof.  Henry  Snaith  holding  a  6  inch  perovskite  on  Si  wafer. 

crystallizing  the  perovskite  material,  what  we  were  getting  was  not 
just  small  nano-crystals  but  more  of  a  polycrystalline  material, 
with  very  long  range  crystalline  order.  We  had  a  suspicion  that  we 
were  also  getting  charge  conduction  in  the  perovskite  material,  so 
we  made  some  test  cells  swapping  out  the  porous  Ti02,  which  is  an 
electron  conductor,  with  porous  alumina  (A1203).10  We  tested  these 
cells  to  see  how  they  worked  under  the  sunlight.  We  were  not  ex¬ 
pecting  highly  functional  solar  cells  because  they  had  an  insulator 
in  place  of  one  of  the  semiconductors,  but  surprisingly  they  actually 
worked  better  than  the  cells  without  TiO,  and  we  got  a  very  big  im¬ 
provement  in  voltage.10  This  was  the  first  real  breakthrough,  where 
we  realized  the  perovskite  material  did  not  just  act  as  a  light  absorb¬ 
er  but  it  also  acted  as  a  charge  conductor  in  the  cell.11 

Following  on  from  that  work,  in  close  succession,  we  started  in¬ 
vestigating  whether  we  really  needed  this  porous  alumina  scaffold. 
By  making  it  thinner  and  thinner  we  improved  current  and  device 
efficiency  at  extracting  charge.12  When  we  looked  at  a  cross  section 
of  these  devices,  they  had  a  solid  absorber  layer  of  perovskite  on  top 
of  a  thin  porous  scaffold  of  alumina.12  This  told  us  already  that  the 
solid  perovskite  material  could  conduct  charge  out  of  the  device. 

Now  that  might  not  seem  very  surprising,  but  at  the  time  the 
paradigm  was  that  as  a  solid  absorber  material  you  could  either  have 
a  very  expensive  crystalline  semiconductor  with  low  defect  density, 
or  a  cheap  material  that  was  easy  to  process  from  solution  at  low 
temperature,  but  with  a  lot  of  electronic  disorder.13  The  cheap  ma¬ 
terials  would  not  work  as  well  as  the  expensive  materials,  and  to 
get  them  to  work  you  had  to  blend  multiple  materials,  typically  one 
material  that  would  conduct  electrons  and  one  that  would  conduct 
holes.14,15  In  the  case  of  the  DSSC,  the  absorber  was  sandwiched 
between  these  two  materials  in  a  rather  complex  meso-struc- 
tured  or  nano-structured  device.16'20  The  way  of  thinking  was  that 
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materials  either  fell  into  a  category  of  high  disorder,  but  needed  to  be 
nano-structured,  or  low  disorder  and  would  work  in  a  solid  crystal¬ 
line  film.  The  perovskites  had  the  best  of  both  worlds.  They  worked 
as  a  solid  crystalline  film  and  they  were  very  easy  to  process  at  low 
temperature;  so  they  were  clearly  in  a  different  category,  a  league  of 
their  own. 

Moving  on  from  that,  we  demonstrated  quite  clearly  that  they 
could  work  as  a  solid  thin  film  and  in  fact  now  the  embodiment  of 
a  perovskite  solar  cell  is  that  on  one  side  you  have  a  charge  selective 
material,  maybe  an  n-type  organic  material,  you  have  the  perovskite 
absorber  as  a  solid  polycrystalline  film  (about  1  micron  in  thick¬ 
ness),  then  you  have  a  p-type  material  (an  organic  charged  conduc¬ 
tor  or  a  metal  oxide),  and  an  electrode  on  the  top.  So  it  is  a  very  sim¬ 
ple  sandwich  structure  device  that  we  call  a  planar  heterojunction  or 
double  heterojunction.21'22 

Since  those  first  few  publications  in  the  end  of  2012,  starting 
from  2013,  the  research  field  of  perovskite  solar  cells  has  absolutely 
exploded.  To  put  it  into  context,  in  2012  there  were  four  publications 
on  perovskite  solar  cells,  in  2013  there  were  about  sixty,  last  year  in 
2017  there  were  about  2,500,  and  this  year  there  is  probably  going  to 
be  5,000  by  the  end  of  the  year.23  Publications  in  the  field  are  growing 
exponentially  now.  We  were  very  fortunate  to  be  there  right  at  the 
beginning  and  we  have  managed  to  stay  in  the  front  pack,  ahead 
in  certain  aspects  of  the  research.  Obviously  we  have  been  lucky  to 
be  riding  this  wave  and  hopefully  we  will  be  still  riding  this  wave 
through  to  fruition.  So,  the  explosion  of  the  field  is  the  reason  why 
we  get  so  many  citations  for  the  work  that  we  do. 

State-of-the  Art  Perovskite  Materials 

SL:  What  are  the  state-of-the-art  perovskite  materials  at  the  moment? 

HS:  Since  2012,  when  the  field  took  off,  the  efficiency  of  the  small 
lab-based  cells  was  just  over  10%.  In  our  first  publication  we  report¬ 
ed  10.9%  efficiency.10  Now  that  is  increased  to  over  23%  efficiency 
over  the  last  5-6  years.24  If  we  compare  that  to  the  efficiency  of  ex¬ 
isting  photovoltaics,  mainstream  multi-crystalline  silicon  photovol- 
taics  is  just  under  23%  efficiency.24,25  Perovskites  have  surpassed  the 
efficiency  of  the  most  widespread  deployable  PV.  That  puts  them  in 
a  very  strong  position  to  look  like  a  real  contender  for  utility-scale 
PV.  However  perovskites  carry  a  lot  more  risk  than  silicon.  Silicon 
has  been  in  the  field  for  a  long  time  and  it  has  proven  the  stability. 
Stability  is  a  major  component  that  we  need  to  prove  for  perovskite 
solar  cells. 

Regarding  the  aspects  that  have  led  to  improvements  in  perovskite 
PV  efficiency,  a  lot  has  been  done  in  terms  of  device  structure  engi¬ 
neering,  by  controlling  the  crystallization  of  the  perovskite  film  and 
making  thick  high-quality  perovskites. 

That  comes  in  part  from  choosing  the  right  materials.  We 
have  made  a  transition  from  methylammonium  lead  triiodide 
(CH3NH3PbI3),  which  is  the  workhorse  of  the  first  generation  of 
perovskites,  through  to  mixed  cation  and  mixed  anion  materials. 
Perovskites  are  defined  as  any  material  that  crystallises  in  the  ABX3 
structure,  where  A  is  an  organic  cation,  B  is  a  metal  cations,  and  X 
is  an  halide  anion.1  Typically  a  good  quality  perovskite  might  have 
formamidimium  (HC(NH2)3or  simply  FA)  and  cesium  (Cs)  at  the 
A  cation  site,  led  (Pb)  at  the  metal  site,  and  a  mixture  of  iodine  (I) 
and  bromine  (Br)  at  the  halide  site,  in  the  ABX3  crystal  structure.26,27 

There  are  many  people  exploring  multiple  cations.  There  is  for 
instance  the  addition  of  rubidium  (Rb+)28  and  the  addition  of  very 
small  ions  such  as  potassium  (K+)29  and  sodium  (Na+)30'32.  Actually, 
if  you  go  smaller  than  Cs  in  the  A  site,  the  ion  does  not  really  fit  into 
the  perovskite  structure.33  Much  of  the  research  reporting  quadru¬ 
ple,  quintuple,  sextuple  cations  is  probably  not  well  understood.  The 
perovskite  is  probably  made  of  FA  and  Cs,  sometimes  with  MA  as 
well,  and  the  other  ions  are  really  doing  something  else.  They  do 
have  an  impact  there  in  the  film,  they  may  be  going  interstitially. 
They  may  be  causing  certain  reactions  on  the  surface  of  the  crystal 


and  the  grain  boundaries. 

The  other  component  in  the  efficiency  improvement,  has  been 
controlling  the  crystallization,34'37  working  out  good  ways  to  process 
these  perovskite  materials. 

The  perovskite  absorber  itself  in  principle  has  a  pretty  low  defect 
density.38  There  are  not  many  defects  and  the  defects  that  exist  are 
not  absolutely  detrimental.39,40  They  do  not  kill  the  performance,  but 
limit  the  open  circuit  voltage.41  One  way  to  improve  the  voltage  is 
to  passivate  the  crystal.  Here  the  term  ‘passivation  is  used  in  a  very 
broad  term,  because  we  do  not  really  understand  what  is  happen¬ 
ing  chemically.  There  are  lots  of  routes  of  post-processing  the  films 
that  improve,  for  instance,  the  radiative  efficiency  and  the  fraction  of 
light  re-emitted  from  the  perovskite  material.42'46  What  we  indicate 
with  the  term  ‘passivation  could  be  recrystallization  of  the  surface, 
for  example.47  Understanding  the  surface  chemistry,  the  exact  chem¬ 
istry  at  the  grain  boundaries  and  in  the  buried  interface  is  really  im¬ 
portant,  because  this  has  in  part  driven  the  performance  improve¬ 
ments.48  However,  there  is  still  a  massive  scope  for  further  advances. 
We  are  currently  at  23%  efficiency  for  record  cells  in  labs,  but  actu¬ 
ally  there  is  nothing  stopping  us  towards  30%  efficiency  in  a  single 
junction  cell.  That  will  happen  by  achieving  better  control  of  the  sur¬ 
face  properties,  in  my  view,  of  the  perovskite  absorber. 

Coupled  with  that,  there  has  been  a  lot  of  tuning  and  optimiza¬ 
tion  of  the  contact  materials.49,50  What  is  quite  surprising  is  that  we 
have  not  had  to  develop  new  contact  materials.  We  just  had  to  select 
materials  that  were  already  available  either  from  the  organic  elec¬ 
tronics  field  or  from  the  DSSC  or  from  thin  film  PV  field.  We  have 
used  metal  oxides,  organic  semiconductors,  and  they  seem  to  make 
very  good  electronic  contact  to  the  perovskite.51'53  However,  tuning 
the  properties  of  those  materials,  for  instance  doping  of  the  contact 
materials,  has  all  been  part  of  getting  the  efficiency  up  and  going  up 
this  ladder  towards  the  Shockley-Queisser  limit.54 

Multi-Junction  Perovskite  Solar  Cells 

SL:  What  is  the  current  progress  of  multi-junction  perovskite  devices? 

HS:  I  mentioned  the  efficiency  of  a  perovskite  solar  cell  was  23% 
and  that  we  could  potentially  get  that  up  towards  30%  efficiency.  To 
someone  not  familiar  with  photovoltaics  that  seems  like  a  pretty  low 
number.  Why  are  we  chucking  away  two-thirds  of  our  power?  There 
are  fundamental  limits  to  the  conversion  of  sunlight  to  electricity 
and  they  relate  to  the  bandgap  of  the  semiconductor  that  absorbs 
lights.  With  a  very  narrow  band  gap  material  you  can  absorb  all  the 
light  over  the  solar  spectrum  and  generate  a  very  high  current  but 
you  would  not  generate  very  high  voltage.  This  is  because  the  max¬ 
imum  voltage  that  can  be  generated  is  less  than  the  bandgap,  which 
is  the  difference  in  energy  between  the  valence  band  and  conduction 
band.  With  a  very  wide  bandgap  semiconductor  you  can  generate  a 
lot  of  voltage,  but  you  are  only  absorbing  a  small  fraction  of  the  sun¬ 
light.  Therefore,  if  a  semiconductor  has  a  bandgap  of,  for  example, 
3eV  you  would  only  absorb  the  UV  part  of  the  spectrum.  Howev¬ 
er,  you  need  to  absorb  from  the  UV  to  the  visible  and  the  infrared. 
This  leads  to  a  compromise,  where  a  bandgap  for  a  single  absorber 
material  is  the  optimum  bandgap  somewhere  between  ~1  to  ~1.5 
eV,  which  can  theoretically  give  a  maximum  efficiency  of  ~30-32%.55 

Actually  there  is  a  way  to  make  cells  more  efficient.  If  you  look 
at  the  global  efficiency  chart  that  is  published  by  NREL,25  there  are 
solar  cells,  which  are  46%  efficient,56  approaching  50%,  and  they  do 
that  by  not  just  having  a  single  absorber,  but  having  multiple  absorb¬ 
ers  on  top  of  each  other.  In  this  way  you  absorb  different  parts  of  the 
solar  spectrum  in  different  cells.  The  top  cells  absorb  the  blue  visible 
part  of  the  spectrum  and  generate  high  voltage,  while  the  cells  be¬ 
hind  will  take  out  different  sections  of  the  solar  spectrum  generating 
a  smaller  and  smaller  voltage.55  By  doing  this,  we  can  extract  more 
energy  from  the  sunlight. 

This  is  a  strategy  for  perovskites  that  we  are  starting  to  pursue  and 
it  is  looking  very  promising.55  Probably  the  simplest  embodiment  is 
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to  take  a  perovskite  cell  and  stick  it  on  top  of  silicon,  which  is  the 
existing  mainstream  PV  material.  In  this  way  we  can  improve  the 
overall  efficiency  of  that  silicon  cell.  The  present  world  record  for 
perovskite  on  silicon  is  27.3%  efficiency.57  It  is  much  higher  than 
the  23%  percent  for  a  single  junction  perovskite  cell  and  it  is  even 
higher  than  the  all-time  world  record  for  crystalline  silicon  (using  a 
very  advanced  technology),  which  is  26. 7%.24  This  is  the  point  where 
perovskites  start  to  take  the  lead.  However,  this  does  not  just  stop  at 
a  tandem  cell.  We  can  estimate  what  sort  of  efficiency  we  can  get  if 
we  put  three  layers  on  top  of  each  other.  We  could  push  the  efficien¬ 
cy  up  to  40%  efficiency,  which  is  feasible.  This  could  be  achieved 
with  two  perovskite  layers  on  silicon  or  even  with  all-perovskite 
multi-junction  cell.58  This  is  where  I  believe  the  field  has  to  go  and  is 
going,  and  it  is  somewhere  where  I  think  there  will  be  a  lot  of  excite¬ 
ment  and  interest  over  the  next  few  years. 

Concentrator  Photovoltaics 

SL:  How  can  perovskite- Si  multi-junction  solar  cells  benefit  from 
concentrator  photovoltaics  (CPV)? 

HS:  As  scientists,  we  always  try  to  think  about  what  is  the  next 
step  for  improvement.  For  instance,  going  from  single  junctions  to 
multi-junctions.  Another  way  of  improving  efficiency  is  to  concen¬ 
trate  sunlight  or  increase  the  intensity  of  the  sunlight.  Although  you 
cannot  get  more  sun  hitting  the  earth,  you  can  concentrate  the  sun¬ 
light.  The  result  is  that  you  generate  a  much  higher  voltage  out  of 
the  solar  cell.  Light  concentration  is  a  well-established  method  in 
PV.  Multi-junction  cells  that  are  40%  efficiency  get  boosted  up  to 
50%  efficiency  by  concentration.25  Therefore  the  next  natural  step 
for  perovskites  would  be  concentration. 

A  while  ago,  I  personally  had  not  given  this  much  considera¬ 
tion  as  a  realistic  prospect.  I  would  have  to  give  some  credit  to  my 
postdocs  Zhiping  Wang  and  Qianqian  Lin,  who  one  day  showed 
me  some  of  their  results  of  intensity  dependent  measurements  of 
perovskite  solar  cells.  I  thought  this  was  very  interesting.  Scientifi¬ 
cally  it  was  quite  intriguing.  We  ran  some  calculations  and  worked 
out  that  perovskites  should  operate  very  well  up  to  many  tens  of 
thousands  of  solar  irradiance  in  mW/cm2  from  concentrating  stand¬ 
ard  sunlight  (100mW/cm2  or  equivalently  1  Sun).59  Because  we  had 
been  struggling  to  make  big  improvements  with  the  stability  under 
1  Sun,  how  could  we  make  these  devices  stable  under  10  or  100  Suns 
illumination?59'61 

Over  the  last  year  or  so  I  have  convinced  myself  that  this  is  a  very 
good  idea  and  I  will  try  to  convince  you  that  maybe  it  is  also  quite 
a  good  idea.  In  our  lab  we  have  shown  that  this  can  be  achieved 
with  contemporary  perovskite  cells,  where  the  -21%  efficiency  un¬ 
der  1  Sun  can  be  raised  up  to  -24%  by  concentrating  the  sunlight  to 
14.5  Suns.62  We  have  seen  many  hundreds  of  hour  stability  under  10 
Suns  illumination.62  So,  they  are  progressing  well  and  I  would  not 
say  stability  is  an  absolute  critical  factor  now.  In  fact,  if  you  think 
about  a  concentrating  array,  provided  you  can  thermally  sink  the 
solar  cell  and  have  the  heat  radiated  away,  then  in  principle  it  can 
still  operate  at  the  same  temperature  as  a  flat-plate  technology,  de¬ 
pending  on  your  concentrating  optics. 

The  opportunity  here,  not  with  single  junction  perovskite  but 
with  very  efficient  multi-junction  perovskite,  is  not  to  go  for  say 
1000  fold  concentration  or  500  fold  concentration  that  is  required 
for  present-day  multi-junction  cells.  The  reason  why  such  a  high 
concentration  is  required  for  conventional  cells  is  because  these  cells 
are  just  so  expensive  to  make.  Commercial  CPV  are  based  on  III-V 
semiconductors.63  Gallium  arsenide  (GaAs/Si)64  and  multi-layer 
gallium  indium  phosphide  cells  with  germanium  (GalnP/GalnAs/ 
Ge)24,  for  example,  are  made  via  epitaxial  growth  and  cost  tens  of 
thousands  of  dollars  per  square  metre.  In  contrast,  perovskites  are 
even  cheaper  than  silicon  to  make  and  yet  we  think  we  will  get  close 
to  similar  efficiencies  as  III-Vs.  Then  we  can  think  of  deploying  in¬ 
termediate  or  so-called  low-cost  and  low  concentration  factor,  on 


the  order  of  10  to  30  fold  concentration,  with  very  efficient  per¬ 
ovskite  solar  cells  to  deliver  performance  improvement.62 

The  other  aspect  that  is  riding  in  favour  of  CPV  for  perovskites, 
is  that  the  trends  in  deployment  are  moving  towards  solar  track¬ 
ing.  Already  presently  deployed  mainstream  modules  are  placed 
on  a  boom,  in  a  single-axis  tracking  configuration,  which  could  be 
combined  with  a  low  concentrator  factor  solar  concentrator.65  There 
are  also  existing  technologies  that  deploy  these  modules  on  two-axis 
trackers,  in  some  high  radiance  areas.65 

Overall,  the  more  power  we  get  out  of  a  module  the  larger  we 
offset  the  balance  of  systems  (BOS)  cost.62  As  we  move  towards  more 
powerful  modules,  we  will  move  towards  two- axis  tracking,  which 
will  become  the  norm  at  some  point.  At  that  point,  we  will  not  have 
any  additional  cost  in  the  tracking  for  CPV.  What  will  affect  the  BOS 
cost  will  be  the  optics  technology  (e.g.  parabolic  mirrors).65  Ulti¬ 
mately,  I  think  we  will  move  to  CPV.  Although  this  gives  another 
order  of  magnitude  in  the  challenge  of  the  stability  issue,  we  believe 
this  is  surmountable  by  looking  at  new  materials  chemistry,  new  in¬ 
terface  design,  and  other  improvements.  Therefore,  CPV  could  be 
the  path  for  the  next  generation  beyond  multi-junction  perovskite 
cells. 

Lifetime  Measurement  Standards 

SL:  What  is  the  current  status  of  standard  lifetime  measurements  for 
perovskite  solar  cells? 

HS:  We  can  get  extremely  excited  by  efficiency  and  the  remark¬ 
able  performance  of  perovskites  and  the  ease  of  which  they  can  be 
processed,  but  of  course  we  are  all  aware  that  no  solar  technology  is 
of  any  worth  unless  it  can  last  in  the  field.  Silicon  P  V  modules  today 
will  last  for  25  years.  That  is  proven  and  it  is  known  they  will  last  for 
25  years  because  they  have  lasted  for  25  years.  At  the  moment  we  are 
in  a  situation  where  these  perovskite  materials  work  very  well,  but 
we  need  to  ensure  that  they  will  last  for  25  years.2,55  We  do  not  have 
hindsight  to  know  if  the  tests  were  doing  to  stress  them  are  the  right 
tests  that  will  show  up  failures  in  the  field.66  This  is  really  at  the  core 
of  what  we  should  be  doing  in  research.67 

There  is  a  slight  discrepancy  within  the  community  between 
methodology  for  stressing  perovskite  solar  cells,  how  to  report 
stability,  and  what  measurements  indicate  whether  a  solar  cell  is 
stable  or  not.68 1  have  had  the  pleasure  of  recently  working  with  Peter 
Hacke  from  NREL  and  writing  a  paper  on  stability  for  perovskite 
solar  cells.67 1  learned  a  lot  in  the  process  about  what  has  been  done 
in  the  past  with  existing  thin  film  and  silicon  cells.  There  is  a  lot  we 
can  learn  from  the  existing  industry. 

Moreover  with  my  role  in  Oxford  Photovoltaics69 1  am  exposed  to 
that  industrial  side  and  industrial  demand.  There  really  complying 
to  industry  norms  is  an  absolutely  essential  component.  However, 
we  also  need  to  go  further  and  discover  new  failure  mechanisms. 
This  is  why  doing  lots  of  more  advanced  tests  by  comparing  labora¬ 
tory  tests  to  real  on-sun  testing  is  going  to  be  an  essential  compo¬ 
nent  going  forward  over  the  next  few  years. 

One  thing  that  is  presently  lacking  in  the  scientific  communi¬ 
ty  has  been  the  ability  to  compare  results  of  stability  from  one  lab 
and  stability  from  the  other.  There  is  a  whole  host  of  parameters, 
including  the  spectrum  of  light  illuminating  the  cells,68  the  tem¬ 
perature,27,70'73  whether  the  cell  is  under  load  or  open  circuit,74  the 
atmosphere,75'78  whether  the  cells  are  encapsulated  and  how  they 
are  encapsulated,79  and  a  wide  range  of  other  parameters.  The  real 
critical  thing  is  that  these  results  are  reported,  so  it  is  very  transpar¬ 
ent  as  to  exactly  how  a  solar  cell  has  been  stressed.  While  you  can 
make  a  comparison,  what  would  be  better  is  if  standards  emerged.67 
In  this  way  researchers  have  to  comply  with  them  and  use  them  as 
the  benchmark  to  establish  if  a  cell  is  more  stable  than  another  and 
understand  between  laboratories  where  the  chemistry  is  improving 
things  or  not. 

From  the  European  perspective  there  is  quite  a  lot  of  motivation 
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between  different  European  funded  projects  to  try  to  come  up  with 
some  suggestions  of  standard  lab  practices,  which  will  as  closely  as 
possible  adhere  to  the  International  Electrotechnical  Commission 
(IEC)  standards. 

On  top  of  the  stability  stress,  just  measuring  a  perovskite  solar 
cell  is  different  to  a  normal  cell.  We  have  some  issue  of  mobile  ions 
in  these  materials.80'84  Again,  there  is  effort  to  try  to  standardize  the 
measurement  technique.  The  key  factor  is  that  we  have  to  either 
measure  a  stabilized  steady  state  power  output  (measure  at  a  fixed 
voltage  over  time  and  take  the  current  until  it  stops  changing)  or 
max  power  point  track  (you  track  around  the  voltage  until  you  stabi¬ 
lize  the  current),  which  are  an  essential  component  for  quantifying 
efficiency.81'85'86 

Low  Production  Cost 

SL:  What  are  the  main  factors  affecting  the  manufacturing  cost 
of  perovskite  modules?  Can  you  talk  about  the  current  status  of 
inkjet-printing  for  perovskite  modules? 

HS:  Historically  there  has  been  a  lot  of  activity  on  printed  and 
flexible  solar  cells  and  lots  of  the  work  was  done  on  organic  solar 
cells.87,88  Commercially  there  has  been  a  lot  of  work  done  on  thin 
film  copper  indium  gallium  selenide  solar  cells  (Cu(In,Ga)Se,  or 
CIGS).24’89'90  A  company  called  Nanosolar  raised  many  hundreds 
of  millions  to  try  to  commercialize  a  printable  CIGS  technology. 
MiaSole91  that  ended  up  being  taken  over  by  Hanergy92  is  selling  a 
flexible  CIGS  technology.  There  is  this  dream  that  printable  flexible 
PV  should  enable  more  than  rigid  based  PV.  One  of  the  motivat¬ 
ing  factors  is  cost.  The  presumption  that  reel-to-reel  printing  will 
be  much  less  expensive  than  standard  semiconductor  processing. 
However,  we  really  have  to  look  at  what  is  the  cost  of  existing  pro¬ 
cessing  of  silicon  PV  cells  and,  in  fact,  the  cost  of  equipment  and 
manufacturing  has  dropped  by  orders  of  magnitude  over  the  last 
decade.93  Therefore  now  the  capital  infrastructure  for  a  silicon  line, 
say  1  GW  line,  is  only  a  small  fraction  of  the  overall  cost  in  cents  per 
Watt.  About  2-4  cents  per  Watt  comes  from  the  capital  infrastruc¬ 
ture,  when  you  depreciate  it  over  seven  years.  From  this  perspective, 
it  is  not  obvious  that  you  are  going  to  get  a  cost  advantage  from 
reel-to-reel  printing. 

There  are  many  more  challenges  as  well.  One  of  them  is  that 
every  process  has  to  be  coinciding  in  the  production  line  at  the  same 
rate  or  you  need  longer  routes  to  go  through.94'96  There  are  more 
challenges  for  the  printing  rather  than  batch  processing.  That  means 
it  will  take  a  longer  time  until  this  technology  gets  to  the  market,  but 
it  does  not  mean  that  ultimately  there  is  not  an  opportunity.  In  fact,  I 
strongly  believe  there  is  an  opportunity  for  reel-to-reel  printing,  but 
there  are  lots  of  aspects  we  need  to  solve. 

One  of  the  main  opportunities  is  to  have  a  laminatable  foil  PV, 
which  for  example  can  be  placed  in  a  building  or  on  the  bodywork  of 
electric  cars.97  A  PV  foil  laminated  over  the  outer  shell  of  an  electric 
car  that  produces  very  high  power  could  be  a  fantastic  way  of  offset¬ 
ting  the  requirement  to  charge  every  so  often  its  batteries.  So  there 
are  numerous  applications  for  flexible  and  lightweight  solar  cells.98'99 

The  key  aspect  we  have  to  tackle  is  the  solvent  system  we  use  to 
dissolve  and  deposit  the  perovskite  material.  Most  of  the  academic 
works  are  still  done  with  a  mixture  of  dimethylformamide  (DMF) 
and  dimethyl  sulfoxide  (DMSO).100'103  However,  DMF  is  not  compat¬ 
ible  with  high- volume  manufacturing.104,105  We  also  need  to  control 
the  viscosity  and  do  more  work  on  advancing  printing  techniques 
such  as  inkjet-printing,106  slot-dye  coating,107  or  spray- coating. 108 
These  large  area  coating  techniques  need  to  be  developed.  At  the 
moment,  most  academic  work  is  done  on  spin  coating,  which  is  not 
a  methodology  compatible  with  manufacturing. 

One  of  the  bits  of  work  we  did  a  few  years  ago  in  this  line  is 
moving  away  from  DMF  to  acetonitrile  (ACN).104  ACN  is  not  a  per¬ 
fect  solvent  (for  perovskites)  and  you  certainly  would  not  want  to 
drink  it,  but  it  is  allowed  in  manufacturing  and  it  is  much  better  than 


DMF.  We  found  that  if  we  bubbled  methylamine  through  ACN  we 
could  then  use  it  to  solvate  the  organic  salts.104  We  are  now  progress¬ 
ing  with  this  work  and  looking  at  other  solvent  systems  that  could 
be  more  compatible  with  printing.  I  think  this  is  an  approach  that 
could  lead  to  printable  PV  cells  with  very  high  quality  of  material. 

Another  advantage,  if  we  think  about  deposition  methodologies, 
is  that  you  can  reel-to-reel  via  vapour.  In  fact  one  of  the  leading 
organic  PV  companies  (Heliatek109)  is  manufacturing  vapour  depos¬ 
ited  organic  PV  on  reel-to-reel.  Therefore  there  is  an  opportunity  for 
reel-to-reel  perovskite  solar  cells  apart  from  batch  processing.  We 
need  to  understand  whether  we  want  to  do  vapour  or  solution  pro¬ 
cessing,  but  there  is  still  uncertainty.  In  the  academic  literature,  95% 
of  the  works,  maybe  99%  of  the  papers  (I  haven’t  counted  up),  are 
on  solution  processed  perovskites,  and  only  1%  is  on  vapour  depos¬ 
ited.  That  is  not  because  solution  processed  PV  is  much  better  (or 
certainly  not  fundamentally  better)  than  vapour  deposited  PV.  It  is 
simply  because  there  is  more  capital  investment  to  get  an  evaporator 
and  get  it  working  than  to  buy  a  spin  coater.  In  my  research  group 
(25  people),  we  have  3  spin  coaters  and  they  cost  £5000  each.  In 
comparison,  an  evaporator  may  cost  £200,000  and  will  only  service 
2-3  scientists.  Therefore  the  rate  and  cost  of  getting  into  the  field  for 
evaporation  is  high,  but  we  will  see  more  and  more  activity  in  this 
area.110,111  As  more  and  more  groups  are  getting  this  capability,  will 
see  growth  in  this  area  of  research  over  the  next  few  years. 

Moving  towards  multi-junction  cells  I  expect  vapour  deposited 
cells  to  advance  more  quickly  than  the  solution  processed  cells. 

Commercialisation 

SL:  What  is  the  current  status  of  commercial  perovskite  modules? 

HS:  As  the  research  field  advances  there  is  more  and  more  of 
the  developments  being  patent  protected  and  this  is  also  leading  to 
the  emergence  of  a  number  of  companies  trying  to  commercialize 
perovskite  PV.2,112  For  instance,  there  is  a  company  called  Hangzhou 
Microquanta  Semiconductor113  in  China  that  is  trying  to  produce 
thin  film  perovskite  modules,  as  far  as  I  am  aware,  on  glass.  As  a  thin 
film  stand-alone  perovskite  product,  there  is  a  company  in  Poland 
called  Saule  Technologies114  that  is  trying  to  do  inkjet-printed  per¬ 
ovskites  on  flexible  substrates.  There  is  a  few  companies  in  the  US. 
One  is  called  Hunt  Energy  Enterprises.115  We  do  not  really  know 
what  they  are  doing,  they  are  quite  opaque.  There  is  another  newly 
formed  company  called  Swiff  Solar116  and  they  are  working  on  flexi¬ 
ble  multi-junction  perovskite  solar  cells. 

The  company  closest  to  my  heart  is  Oxford  Photovoltaics.69 1  am 
co-founder  and  Chief  Scientific  Officer  of  Oxford  PV.  We  are  focus¬ 
ing  on  the  perovskite  on  silicon  technology  and  we  certainly  think  of 
ourselves  as  the  first  mover  in  this  technology.  We  think  perovskite 
on  silicon  is  the  most  practical  deployment  strategy.  The  wafer  in 
Figure  2  looks  to  all  intents  and  purposes  like  a  silicon  wafer  but  it  is 
actually  a  perovskite  on  silicon  wafer  made  in  the  Oxford  PV  facility 
in  Brandenburg  (Germany),  where  we  are  scaling  up  to  full  size. 

Fortunately  when  talking  about  silicon  cells,  the  wafer  in  Figure  2 
is  full  size,  so  the  scaling  challenge  is  not  that  hard.  It  has  taken  a  lot 
of  effort  but  we  can  now  make  very  efficient  cells  of  this  6  inch  wa¬ 
fer  format,  which  is  full  scale.57  What  we  are  doing  now  is  trying  to 
ramp  up  the  volume  towards  pilot  level  manufacturing  and  then  go¬ 
ing  beyond.  One  of  the  key  targets  in  entering  the  silicon  PV  indus¬ 
try  is  to  match  the  stability  of  silicon.  There  is  no  hiding  away  and 
offering  a  short  lifetime  product.2  For  that  in  Oxford  PV  we  have 
been  laminating  these  cells  and  putting  them  into  mini  modules 
and  stressing  them  through  all  the  International  Electrotechnical 
Commission  (IEC)  environmental  stress  tests.  These  devices  are 
showing  very  good  progress,  not  just  to  pass  IEC  but  to  go  well  be¬ 
yond,  which  is  a  requirement. 

The  strategy  of  Oxford  PV  is  also  to  license  and  work  with  joint 
development  partners  who  are  existing  in  the  silicon  manufacturing 
chain  because  in  that  way  the  existing  value  chain  can  be  capitalized 
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Figure  2  |  6  inch  perovskite  on  Si  wafer  fabricated  at  Oxford  PV. 

upon  and  instead  of  competing  against  the  silicon  industry  will  actu¬ 
ally  enhance  it.55  That  is  something  perovskites  could  do.  They  could 
literally  be  the  next  generation  of  silicon  cells  in  the  first  instance. 

Ultimately  we  see  many  deployment  strategies,  we  see  the 
flexible,  we  see  the  thin  film,  and  especially  the  all  perovskite 
multi-junction  coming  through.  My  prediction  would  certainly  be 
that  the  perovskite  on  silicon  will  be  the  first  product  in  the  market, 
and  then  beyond  that  we  will  see  other  technologies  coming  in. 
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